Introduction
Carcinogenesis consists of a multistage process, including initiation, promotion, and progression (Hennings et al. 1993) . The mouse skin serves as an excellent model for multistage carcinogenesis study. The JB6 mouse epidermal cell lines, which include the tumor promotion-sensitive P+ cells (JB6P+) and tumor promotion-resistant P− cells (JB6P−), have been well established for more than 30 years to study the association of molecular events with cellular transformation during tumor promotion (Colburn et al. 1980) . Previous studies show that the JB6P+ cells can be induced to malignancy by several tumor promoters such as TNF-α (Singh et al. 1995) , TPA , EGF (Colburn and Gindhart 1981) , and other tumor promoters (Hsu et al. 2000) . These factors activate AP-1 (Dong et al. 1994; Bernstein and Colburn 1989) and NF-κB (Schmidt et al. 1996) , which are required for inducing JB6P+ cell transformation. During the transformation of JB6P+ cells, it has been demonstrated that many genes and pathways are involved, including Nrf2 (Paredes-Gonzalez et al. 2014) , Ref-1 (Yang et al. 2007 ), PI3K/Akt (Ouyang et al. 2006) , and PKM2 (Li et al. 2014; Wittwer et al. 2011) . On the other hand, JB6P− cells resist undergoing these tumorigenic transformations due to the deficiency of AP-1 activation. Nevertheless, JB6P− cells can be restored to response to stimulation of TPA, EGF, or TNF-α and converted to tumor promotion-sensitive phenotype when transfected with stable wild-type MAPK (Erks; Huang et al. 1998) or overexpressed p65 phosphorylation (Hu et al. 2004) .
Wnt family members play an important role in controlling skin development and maintaining homeostasis of the epidermis as well as its appendages (Andl et al. 2002; Widelitz 2008; Lei et al. 2013) . As a member of the Wnt ligands, Wnt10b is detected in normal murine keratinocytes of epidermis and hair follicles, functioning to initiate anagen reentry and enhance the keratinocyte differentiation as well as hair shaft growth via activating the canonical Wnt signal pathway Li et al. 2011) . Wnt10b is also detected in high level in some skin tumors. In the mouse papillomas and skin squamous cell carcinomas (SCC) induced by the two-stage chemical carcinogenesis protocol, Wnt10b expression is upregulated, especially in less differentiated cells of the tumors (Bhatia and Spiegelman 2005) . In the M2SMO-induced mouse skin neoplasm resembling human basal cell carcinoma (BCC), the expression of Wnt10b gene is also elevated (Yang et al. 2008) . All these studies suggest a close correlation of Wnt10b expression with skin tumor promotion. However, mechanisms of how elevated expression of Wnt10b promotes tumorigenesis of skin remain unclear.
Under physiological conditions, skin epidermis has its resistance to the internal disorder to maintain its homeostasis. In the current study, by applying adenoviral infection into tumor promotion-resistant JB6P− cells rather than JB6P+ cells, we examined the effects of sustained overexpression of Wnt10b on stimulating the proliferation, migration, invasion, and cluster formation capacity of the skin keratinocytes. Accompanying with the activation of the canonical Wnt signaling pathway, we also investigated the molecules required for JB6P− cell conversion to tumor promotion-sensitive type, JB6P+ cell transformation, and tumor progression. We further studied the roles of Wnt10b in JB6P− cell transformation by applying Wnt inhibitor DKK1. Our data indicate that prolonged Wnt10b could stimulate the expressions of Egf and downstream Mapk factors to accumulate neoplasm phenotype of mouse skin keratinocytes, which could be partially rescued by DKK1 as the antagonist.
Materials and methods

Adenoviruses and plasmids
Wnt10b adenoviruses (AdWnt10b) and AdGFP (control) were kindly gifted from Dr. Tong-Chuan He at University of Chicago, USA. The AdWnt10b vector contains an entire length of murine Wnt10b cDNA compared with AdGFP vector. Dkk1 expression plasmid and pEGFP-N1 control plasmid were described as our previous studies (Lei et al. 2011 (Lei et al. , 2012 (Lei et al. , 2014 . The adenoviruses were propagated in HEK293 cells according to the protocol (He et al. 1998) .
Cell culture, infection of adenovirus, and transfection of plasmid in vitro JB6 Cl 30-7b (JB6P−) mouse epithelial cell line (ATCC, Manassas, USA) was commercially available. Cells were cultured in DMEM (Hyclone, Utah, USA) containing 10 % FBS (Hyclone, Utah, USA) and incubated in a humidified atmosphere containing 5 % CO 2 at 37 °C. For adenovirus infection assay, 1 × 10 6 cells were seeded to the 6-well dish. 1 μl of diluted 1 × 10 7 AdWnt10b or AdGFP was added to the culture dish 1 day after cell seeding. The adenovirus infection rate was analyzed by observing GFP-positive cells using fluorescence microscopy (Nikon, Tokyo, Japan). For plasmid transfection in vitro, 4 μg mouse recombinant Dkk1 expression plasmid or pEGFP-N1 control plasmid was transfected into JB6P− cells using a lipofectamine 2000 kit (Life Technologies, Grand Island, USA).
Intradermal cell injection
1 × 10 5 cells treated with AdWnt10b or AdGFP for up to three times (Fig. S1a) were subcutaneously injected into the axilla region of nude mice. Sample was harvested 12 days after injection (n = 4). Hematoxylin and eosin staining was applied to observe the phenotype of injected region.
Western blot
Wnt10b expression was detected by Western blot. 50 μl of the supernatant (culture medium of adenovirus-treated cells) was filtered through a 0.2-μm strainer, and the cell extract was loaded individually to a 12 % SDS-PAGE and then transferred onto a PVDF membrane under a voltage of 200 V for 1.5 h. The PVDF membrane adsorbed with protein was incubated with anti-Wnt10b (Goat, 1:200, Santa Cruz, USA) primary antibody followed by secondary antibody at 4 °C for overnight. Finally, the blot was developed with a developer kit (Thermo Scientific, Pittsburgh, USA).
RT-PCR
RNA extraction, reverse transcription, and PCR were performed using TRIZOL reagent (Invitrogen, Carlsbad, USA), ReverTra Ace-α (TOYOBO, Osaka, Japan), and 2× PCR master mix (Tiangen Biotech, Beijing, China), respectively. PCR primers were listed in supplementary Table 1 .
Cell proliferation detection assay
Ki67 and BrdU immunostaining were used to determine cell proliferation (Figs. 3a, b, 6a and Fig. S4a ) with antiKi67 (mouse, 1:100; Sigma-Aldrich, USA) and anti-BrdU (mouse, 1:100; Sigma-Aldrich, USA) antibodies. BrdU (Sigma-Aldrich, St. Louis, USA) or PBS as control was added into culture media with a final concentration of 10 μmol/L 1 h before the cell samples were harvested.
Scratch assay
Cell migration ability was analyzed by scratch assay according to the previous description (Liang et al. 2007 ). AdWnt10b or AdGFP, or AdWnt10b + DKK1, or AdWnt10b + N1-treated cells were seeded in six-well dish, respectively. Cell monolayer was scratched with 200-μl pipette tips and photographed under a phase-contrast microscope daily after scratch. Migration rate was analyzed by measuring the average distance between the scratch.
Transwell invasion assay
To test the cell invasion ability, 1 × 10 6 cells were seeded onto an 8-μm-pore-size transwell dish (Millipore, MA, USA) covered with BME agar containing 10 % FBS. One microliter of diluted 1 × 10 7 AdWnt10b or AdGFP was added to the transwell dish (Fig. 4a, b) . These cells were fixed with acetone for 10 min and stained with hematoxylin and eosin after the noninvasive cells on the upper side of the transwell membrane were gently removed thoroughly with a cotton stick. Then the stained cells were photographed and counted within 10 random fields.
Immunofluorescence
Cells cultured on cover slide were washed with PBS and fixed in acetone for 10 min at 4 °C, followed by being incubated with primary antibodies: anti-Ki67 (mouse, 1:100; Sigma-Aldrich, USA), anti-BrdU (mouse, 1:100; SigmaAldrich, USA), and β-catenin (Rabbit, 1:100; Boster, Wuhan, China), anti-E-cadherin (Rabbit, 1:100; Boster, Wuhan, China), relevant secondary antibodies and counterstained with DAPI (1:1000; Sigma-Aldrich, USA). Fluorescence was detected by fluorescence microscopy (Nikon, Tokyo, Japan).
Anchorage-Independent Transformation Assay
Transformation assays were performed as described previously (Lu et al. 2008) . 1 × 10 4 cells were exposed to AdWnt10b or AdGFP in BME agar containing 10 % FBS. The cultures were maintained in a 37 °C, 5 % CO 2 incubator for 2.5 weeks, and the AdWnt10b and AdGFP-induced cell colonies were scored by the methods described (Colburn and Gindhart 1981) .
Statistic analysis
All experiments were repeated at least three times and expressed as mean ± SD. All statistical significance among experimental groups and control groups were evaluated by using Student's t test. A value of p < 0.05 was accepted as significantly different.
Results
Prolonged Wnt10b induced canonical Wnt signaling pathway in JB6P− cells
We first ectopically expressed Wnt10b in JB6P− by using AdWnt10b to analyze whether those cells could be infected. Two days after infection, about 60 % GFP-expressing keratinocytes were detected by fluorescence microscopy ( Fig. 1a, e) . By repeating infection with AdWnt10b, the numbers of GFP-expressing keratinocytes were remarkably increased (Fig. 1b, e) , compared with the AdGFP-treated group ( Fig. 1c-e) . RT-PCR and statistic analysis showed that the relative mRNA levels of Wnt10b and β-catenin were significantly increased 2 and 8 days after AdWnt10b treatment compared with AdGFP-treated groups ( Fig. 1f-h ). High levels of Wnt10b protein were detected in both of the cell lysates and culture medium supernatant of keratinocytes, which were repeatedly treated with AdWnt10b for three times at day 15 (Fig. 1i, j) , whereas Wnt10b protein could hardly be detected in AdGFP-treated group by Western blot (Fig. 1i, j) . After two doses of AdWnt10b treatment, β-catenin as the key molecule of canonical Wnt pathway was translocated into the nuclei, compared with AdGFP-treated control (Fig. 1k ).
Wnt10b triggered a stepwise morphological transformation of JB6P− cells
To test the effects of Wnt10b on skin keratinocytes, we applied AdWnt10b into the JB6P− cells once a week for successive 4 weeks (Fig. S1a) . Two days after AdWnt10b treatment (3 days after cell seeding), the cells were confluent, with longer protrusions than those of the control cells. After a second AdWnt10b treatment at day 8, the cells grew densely and formed cell stack in 2-3 layers. Surprisingly, after the cells were treated with the third dose of AdWnt10b at day 16, a lot of cell clusters were formed (Fig. 2a, b and Fig. S1b ). The cells surrounding the cluster were polarized, with sharp boundary insulating from the cells outside at day 22. The clusters grew larger, and the shape of the cells in the cluster was changed from quadrate to cobblestone-like structures at day 28 (Fig. 2a) . To investigate the relationship between the cell stack and the prospective cell cluster, we trypsinized the cells to observe the morphology before the cluster formation at day 15 (Fig. S1c) . Interestingly, we found that the cells located at the bottom layer of the cell stack branched out and changed their shape, resembling the cells in the prospective clusters (Fig. S1c) . The upper layers of the cell stack could be easily washed. Thus, we proposed a two-stage process of the transformation, early and late stages, depending on the timing of cell clustering (Fig. 2a) .
The incidence of cluster formation induced by prolonged AdWnt10b treatment was about 21.5 % (Fig. 2c, n > 6 ). The cell numbers in one cluster were gradually increased from approximately 25 cells at day 16 to around 100 cells at day 22 and over 300 cells at day 28 (Fig. 2d) . The number of clusters was decreased from approximately 150 at a Phase-contrast microscopy and schematic drawing showed that cells treated by Wnt10b gradually transformed from longer protrusions, stacking, cluster formation to expanding growth. b Schematic drawing displayed cells grew from one layer to multiple layers and then to single layer again during AdWnt10b treatments (purple arrow cluster, baby blue arrow border line between cluster and neighbor cells, green arrows polarized cells at the border). c Cell transformation incidence was about 21.5 % after AdWnt10b induction (n > 6). d Cell numbers in one cluster were gradually increased from Day 16 to Day 28 in AdWnt10b-treated group. e Number of clusters was gradually reduced from Day 16 to Day 28 in AdWnt10b-treated group. f Cell diameter was decreased at Day 28 after AdWnt10b treatment. g Cell stack and cluster formation of JB6P− cells at Day 10 or Day 20 after treatment with 2 or 3 doses of supernatant harvested from AdWnt10b-treated cells (purple arrow cluster). n > 5, *p < 0.05 day 16 to around 70 at day 28 due to the cell confluence (Fig. 2e) . The cell diameter was significantly decreased from day 22 compared with those in AdGFP-treated group (Fig. 2f) .
By adding half-fresh culture medium combined with half-filtered (0.2 μm filter) culture medium from AdWnt10b or AdGFP-treated cells to the newly seeded cells, we were able to ascertain the influence of ectopic Wnt10b treatment on the cluster induction. Cells showed multilayer growth after the second treatment with culture medium from AdWnt10b-treated cell group (Day 2, cell seeding; Day 10, observation; Fig. 2g ) and were induced to form cluster after the third treatment (Day 2, cell seeding; Day 20, observation). The cluster formation incidence was also about 21.3 % (Fig. S1d) . No fluorescence was observed in these cells (data not shown). These results demonstrate that the cell transformation is due to the Wnt10b induction rather than the influence of adenoviruses.
Overexpression of Wnt10b promoted proliferation and mobility of JB6P− cells at early stage
Next, we determined the early events of effects of Wnt10b overexpression on the skin keratinocytes (Fig. 3a, d) . Statistic analysis and immunostaining revealed that keratinocytes infected with two doses of AdWnt10b showed significantly increased expressions of Ki67 and BrdU at day 8, compared with those in the AdGFP-treated group (Fig. 3b, c ). The cell migration was then analyzed due to the observation of protrusions (Figs. 2b, 3d) . It was obviously noticed that the two doses of AdWnt10b-treated cells migrated and closed the wound more quickly than those of the controls (Fig. 3e, f) .
Sustained overexpression of Wnt10b enhanced invasive ability of JB6P− cells at late stage
In the analysis of potentially different cellular behavior between different subpopulations caused by continuous Wnt10b treatment at later stages, we set up a transwell system to investigate the invasive ability of the skin keratinocytes treated by AdWnt10b up to three times (Fig. 4a, b) . Ten or sixteen days later, we scraped off the cells in the upper layer of the culture insert and detected cells invaded to the lower layer of the culture insert. Direct fluorescence (Fig. S2a) , H&E staining (Fig. S2b) , and statistic chart (Fig. 4d) showed that, compared with AdGFP-treated group, there were more cells invaded to the lower layer of the culture insert at day 10 in AdWnt10b-treated group. This was especially true at day 16 after the cells were treated with the third dose of AdWnt10b, with more cells invaded into the lower culture insert and clustered together (Fig. 4c, e and Fig. S2b ).
Expansion ability of Wnt10b-induced clusters
The cells at the lower layer of the culture insert were digested with trypsin and cultured (Fig. S2c) . One day Fig. 4f ). These clusters were also well distinguished with the neighboring cells by the bright border line (Fig. 4f , baby blue arrow). The cells at outmost layer of clusters were also polarized (Fig. 4f, green arrows) . To further determine whether the cluster requires the neighboring cells to expand, we picked one cluster from the lower insert and dropped it into culture plate. Five days later, the small cluster could quickly expand to a big cluster (Fig. 4g) . The expanded cell cluster was originated from a small population of AdWnt10b-treated cells as seen by GFP (Fig. 4h, i) , since adenovirus could not propagate in JB6 cells.
Later, to further determine the effect of Wnt10b on skin keratinocytes clustering and transformation, we performed the anchorage-independent transformation assay. Sixteen days later, the AdWnt10b repeatedly treated cells that formed big colonies and grew in an anchorage-independent manner, compared with AdGFP-treated group, which could Schematic drawing showed the timing of multiple AdWnt10b treatments and cell seeding into transwell culture system. c, e Fluorescent, bright-field images, and statistical analysis revealed that more cells were invaded to the lower part of transwell system at day 10 or day 16 after AdWnt10b treatments. f The cells harvested from the lower layer of the transwell system at day 17 after AdWnt10b treatments could form clusters 5 days after cultivation (baby blue arrow border line between cluster and neighbor cells, green arrows polarized cells at the border). g Small cluster picked from lower transwell system 16 days after AdWnt10b treatment could quickly expand to large cluster 5 days after culture. h, i Fluorescent, brightfield images, and schematic drawing showed that the large cluster surrounded by untransformed JB6 cells could be expanded from a small group of cells infected with AdWnt10b. j Anchorage-Independent Growth Assay determined robust cluster formation of JB6P− cells after three doses of AdWnt10b treatment, which was not occurred in AdGFP-treated group. n > 5, *p < 0.05 only form very small clusters ( Fig. 4j and Fig. S3a ). There were about 170 cells in 1 Wnt10b-induced cluster on average (Fig. S3b) .
We also subcutaneously injected the multi-doses of AdWnt10b-or AdGFP-treated cells into the nude mice. Twelve days later, H&E staining showed neoplasm formation in AdWnt10b-treated group at the dermal region, when compared to AdGFP-treated group (Fig. S3c) .
Wnt10b activated genes in the Wnt, EGF, and MAPK pathways
To further probe the molecular mechanisms underlying the cell transformation after Wnt10b treatment, we used PCR to screen and compare gene expression in AdWnt10b-and AdGFP-treated cells at different time points. Compared with AdGFP-treated groups, Wnt10b and β-catenin were significantly increased, while Gsk3β was decreased in AdWnt10b-treated groups (Fig. 5a, b) . Interestingly, among various factors reported to be able to induce JB6P+ cell transformation, Egf expression was significantly enhanced after two-dose treatments in AdWnt10b group. The expression of Mapk downstream molecules important for JB6P+ cell transformation such as Ikk-β, Erk1, and Erk2 was also remarkably elevated, while p65 expression was dramatically decreased in AdWnt10b-treated group compared with the AdGFP-treated group (Fig. 5a, c) . Importantly, AP-1 as the effecter during JB6P+ cell transformation started to be significantly elevated after a second dose of AdWnt10b treatment (Fig. 5a, c) .
In observation of strong invasive and expansion abilities of the cells after multiple Wnt10b treatments, we detected MMP expression and found that MMP-2, 7, and 12 were significantly increased in AdWnt10b-treated group when compared to the AdGFP-treated group (Fig. 5a, d ). PCR and immunostaining showed E-cadherin was significantly decreased in AdWnt10b-treated group compared with AdGFP-treated group (Fig. 5d, e) . , EGF, Erk1, Erk2, 7, 12 and dramatic decrease in Gsk3β, p65, and E-cadherin at different time points in AdWnt10b-treated groups when compared to those of the AdGFP-treated groups. e Immunostaining showed E-cadherin expression was decreased in AdWnt10b-treated cells compared with the AdGFP-treated group. n > 5, *p < 0.05, **p < 0.01
Wnt antagonist Dkk1 impaired the transformation effect triggered by Wnt10b in JB6P− cells
The cells treated twice by AdWnt10b were transfected with DKK1 to examine the reversibility of AdWnt10b-treated cell transformation (Fig. S4a) . Compared with AdWnt10b + N1 and AdWnt10b control groups, statistic analysis and immunostaining demonstrated that the expressions of Ki67 and BrdU were significantly decreased in the AdWnt10b + DKK1-treated cells (Fig. 6a, c) . Likewise, the migration (Fig. 6e and Fig. S4b ) and invasive abilities (Fig. 6b, d ) of AdWnt10b + DKK1-treated cells were significantly decreased.
We next evaluated how the cell progressed without Wnt activation by transfecting DKK1 to the cells which were treated with two doses of AdWnt10b (Fig. 6f) . GFP revealed successful transfections of DKK1 and N1 plasmids into JB6P− cells (Fig. S4c) . Immunofluorescence staining indicated that β-catenin was only localized at cytoplasm of most of the DKK1-treated cells (Fig.  S4d) . Eleven days after Dkk1 treatment, no cluster was formed (Fig. 6f) . In molecular level, PCR and statistic analysis showed that DKK1 expression was increased in JB6P− cells 2 days after transfection with DKK1 expression plasmid, when compared to the control group (Fig. 6g,  h ). Meanwhile, Wnt10b and β-catenin were dramatically decreased in AdWnt10b + DKK1-treated group when compared to those of the two control groups (Fig. 6g, h) . Correspondingly, the expressions of Egf, Erk1, 2, 7 , and 12 were also downregulated in the AdWnt10b + DKK1-treated group compared with AdWnt10b + N1 and AdWnt10b control groups (Fig. 6g,  h ), while Gsk3β, p65, and E-cadherin expressions were significantly increased after DKK1 treatment (Fig. 6g-i) . H&E staining and statistical analysis revealed that the number of the cells invaded to the lower part of transwell system was significantly decreased in AdWnt10b + DKK1-treated group compared with the AdWnt10b or AdWnt10b + N1-treated groups. e Bar chart showed that cell migration rate was significantly decreased in AdWnt10b + DKK1-treated group compared with the AdWnt10b-or AdWnt10b + N1-treated groups. f Phase-contrast microscopy showed multilayer growth in AdWnt10b + N1-treated group and cell transformation abrogation in AdWnt10b + DKK1-treated group. g, h RT-PCR and bar charts revealed significantly decreased mRNA levels of Wnt10b, β-catenin, EGF, Erk1, Erk2, 7 , and 12, and dramatically increased mRNA levels of Dkk1, Gsk3β, p65, and E-cadherin at different time points in AdWnt10b + DKK1-treated groups when compared to those of the AdWnt10b + N1-treated groups. i E-cadherin expression was remarkably increased in AdWnt10b + DKK1-treated group compared with the AdWnt10b-or AdWnt10b + N1-treated groups. n > 5, *p < 0.05, **p < 0.01
Discussion
Previous studies showed that Wnt10b was highly expressed in the mouse skin papillomas, BCC, and SCC (Bhatia and Spiegelman 2005; Yang et al. 2008 ). In the keratinocytes of the tumor placodes induced by K14-driven noggin overexpression, there was also an increase in Wnt10b expression (Sharov et al. 2009 ). Although the association of Wnt10b with the skin tumor was shown in recent studies, there is no direct evidence of how Wnt10b plays a role in skin tumorigenesis. In the present study, we reported that Wnt10b could transform the immortalized JB6P− mouse skin keratinocytes into a neoplastic phenotype, which was evidenced by the stepwise morphological changes, anchorageindependent growth, and the increased potential of proliferation, migration, and invasive in vitro. Interestingly, the neoplastic transformation process could be blocked by the administration of Wnt antagonist DKK1.
Why could Wnt10b induce JB6P− cell transformation? Previous studies revealed that tumorigenesis is induced by multiple gene mutations (Kopper and Hajdu 2004) . While it was reported that BCC could be induced after wounding in a smoothened transgenic mouse with overexpressed smoothened in hair stem cells (Wong and Reiter 2011) , this BCC did not occur in bulge region where hair stem cells reside. Under normal conditions, hair stem cells maintain quiescent. So we may infer that during wound healing, stem cells which are separated from their proliferation-inhibitory niche could be induced to form tumors under continuous proto-oncogene stimulation. This further indicates that single gene is able to induce cells to be tumorigenetic under special environment. In the present study, the JB6P− cells are proliferating under normal conditions and this proliferative ability is even strengthened after Wnt10b stimulation. Moreover, the cell migration ability is also enhanced. These phenomena quite resemble early skin tumors promotion. The features of the prolonged Wnt10b-induced cells such as anchorage-independent growth, colony formation, and increased potential of invasion also indicate that those cells are analogous to cancer cells. Our data further support the concept that single gene can promote tumorigenesis.
How does Wnt10b promote JB6P− cell transformation? It was reported that in hair follicles, Wnt10b could specifically activate the Wnt/β-catenin signaling pathway (Li et al. 2011; Ouji et al. 2008 ). Here we found that accompanying with overexpression of Wnt10b, the protein level of β-catenin, the key molecule of Wnt/β-catenin signaling pathway, was increased in the nuclei of skin keratinocytes, indicating the activation of Wnt/β-catenin signaling pathway. This result was not only consistent with the previous studies, but also hinted that Wnt10b-induced skin keratinocyte transformation in our study could be mediated via activation of canonical Wnt signaling pathway. This inference was further confirmed by blocking experiment using DKK1, a secreted protein, which has been shown to antagonize Wnt/β-catenin signaling by binding to LRP6 and preventing the Wnt/Fz/LRP6 complex formation (Yamaguchi et al. 2008; Sick et al. 2006) .
Another interesting phenomenon observed in the present study was that the JB6P− cells seemed to become more sensitive to AdWnt10b during the second dose of adenovirus treatment, presenting by increased infection rate, suggesting that the cell property was already changed after one dose of Wnt10b treatment. Indeed, the cellular behavior was different in AdWnt10b-treated groups, which showed longer protrusions at day 3, multilayer growth at day 8, and enhanced proliferative capacity, which was consistent with our previous studies of Wnt10b on skin keratinocytes (Li et al. 2011; Lei et al. 2014) .
However, what is the neoplasm exactly? At the current stage, we do not have a clear identification. The neoplasm was formed at about day 15 after prolonged Wnt10b induction, which is in similar duration to JB6P+ cell transformation under ectopic stimuli . While different from JB6P+ cell clustering induced by TPA, EGF, or TNF-a signaling, which showed simple cell aggregation in previous studies (Saikali et al. 2012; Han et al. 2011; Su et al. 2014) , the colonies observed in the present study were totally newly induced. Also, the cell colony displayed obvious boarder to the surrounding cells, which were not transformed. Even in the anchorage-independent growth assay when the cells were repeatedly treated by Wnt10b, the newly formed colony also showed a sphere, growing in the soft agar with smooth boarder. These results indicated that the cells in the colony induced by Wnt10b were completely transformed into a neoplasm phenotype. It is accepted that the tumor tissues will create their niche (Li and Xie 2005) , with extracellular matrix as the major component, which plays important roles in cancer development. The bright boarder quite resembles the cancer cell niche. The ECM surrounding the niche would then make the peripheral cells of the neoplasm to be polarized.
In molecular level, AP-1 and Nf-κB activities are required for transformation of JB6P+ cells (Dong et al. 1994) . These key factors during JB6P+ cell transformation could be induced by multiple pathways including EGF, TNF-a, and downstream members JNK and Erks. In addition, JB6P− cells can be transformed into tumor promotion-sensitive cells when imposed on Erk, with phosphorylation of p65 and increases in Ikk-α and Ikk-β levels (Huang et al. 1998) . It was also reported that there was a threshold of AP-1 and ERK expression level for promotion of neoplastic transformation of JB6P+ cells (Suzukawa et al. 2002) . In the present study, we found that after Wnt10b treatment, AP-1 expression was dramatically increased. We also found that Erk1, Erk2, and Ikk-β were enhanced, which were supposed to be beneficial for JB6P− cell transformation. It is reported that Wnt10b-overexpressed mammary gland cells could sense EGF and form tumor colonies in soft agar (Lane and Leder 1997) . It is also reported that Wnt10b and EGFR were both amplified in breast cancer (Spyratos et al. 1990; Brennan and Brown 2004) . The previous studies and the present study sketch a blueprint that Wnt10b induces EGF expression, and then EGF activates downstream Erks, which is able to restore JB6P− to be tumor promotion-sensitive type. Increased and sufficient EGF level also activates AP-1, which induces transformation of the sensitive type of cells (Fig. 7) .
Combined cellular behavior with molecular events, it was reported that the keratinocyte transformation was closely associated with the changes of cell adhesion and ECM expression (Zhang et al. 2006 ). The abnormal expression and function of cell adhesion molecules and ECM components provided the molecular basis for the enhanced migration and invasion as well as the anchorage-independent growth of the transformed keratinocytes, which were often regarded as the cellular behaviors for keratinocyte transformation (Wilkins-Port and Higgins 2007). E-cadherin is a transmembrane glycoprotein and plays a key role in intercellular adhesion, ensuring the tissue integrity. Loss of E-cadherin expression directly reduces cell adhesion, and in turn, it could alter the cell morphology and enhance the cell migration and invasion, which was observed in the present study. Indeed, downregulation of E-cadherin was usually detected in the transformation of many types of epithelial cells, including skin keratinocytes, and was believed to be a molecular hallmark of tumor progression and metastasis (Soto et al. 2008; Vaughan et al. 2009; Coppe et al. 2008 ). Consistent with the previous studies, in this study, the decreased expression of E-cadherin both in mRNA and protein levels caused by Wnt10b overexpression suggests that E-cadherin may contribute to the morphological alteration, the enhanced migration, and invasion during Wnt10b-mediated cell transformation. In fact, the cells showing multilayer growth at day 8 after AdWnt10b treatment could be easily washed away when the culture medium was replaced, which was another evidence for decreased adhesion in Wnt10b-treated cells. Several studies showed that the activation of Wnt/β-catenin signaling downregulated E-cadherin expression by promoting the transcription of some E-cadherin suppresser, such as Twist, Snail, and Slug (Heuberger and Birchmeier 2010) . However, a further study is required to validate the mechanism involved in the downregulation of E-cadherin by Wnt10b.
Later stage of carcinogenesis includes cancer cell metastasis, which is MMP dependent. It is reported that Wnt can induce MMPs secretion (Wu et al. 2007 ). In the present study, accompanied with cell expansion, MMP2, 7, and 12 expressions were increased. These MMPs induced by Wnt signaling may facilitate the metastatic process (Ingraham et al. 2011; Pukrop et al. 2006; Kamino et al. 2011) .
In summary, our present study demonstrated that ectopically expressing Wnt10b stepwise transforms JB6P− cells into neoplastic cells through enhancing Egf and Mapk signals. Through activating the Wnt/β-catenin signaling, Wnt10b is also able to downregulate E-cadherin expression and upregulate MMPs expressions, which could facilitate the skin keratinocyte transformation and progression. These findings revealed that Wnt10b expression might exert a crucial role in promotion stage of skin tumorigenesis through activating EGF pathway.
